List of abbreviations {#nomen0010}
=====================

μm

:   micrometer

2-AG

:   2-arachidonylglycerol

AA

:   arachidonic acid

ACTH

:   adrenocorticotropic hormone

AEA

:   N-arachidonylethanolamide/anandamide

ANOVA

:   analyses of variance

AR

:   adrenoceptor

BLA

:   basolateral amygdala

BNST

:   bed nucleus of the stria terminalis

Ca^2+^

:   calcium

CB1r

:   cannabinoid type 1 receptor

CNA

:   central nucleus of the amygdala

cort

:   cortisol

COX-2

:   cyclooxygenase-2

CRF

:   corticotropin releasing factor

CRFr

:   corticotropin releasing factor receptor

CRFr1

:   corticotropin releasing factor receptor type 1

DGL

:   diacylglycerol lipase

eCB

:   endocannabinoid

ELISA

:   enzyme-linked immunosorbent assay

EMT

:   endocannabinoid membrane transporter

FAAH

:   fatty acid amide hydrolase

g

:   gram

GABA

:   gamma-aminobutyric acid

GAPDH

:   glyceraldehyde 3-phosphate dehydrogenase

HPA

:   hypothalamic-pituitary adrenal (axis)

KCl

:   potassium chloride

KO

:   knockout

LC

:   locus coeruleus

MGL

:   monoacylglycerol lipase

min

:   minute

mPFC

:   medial prefrontal cortex

mRNA

:   messenger ribonucleic acid

NAPE-PLD

:   n-acyl-phosphatidylethanolamine-hydrolyzing phospholipase-D

NE

:   norepinephrine

nM

:   nanomolar

PHAL

:   phaseolus vulgaris-leucoagglutinin

PFC

:   prefrontal cortex

PGi

:   nucleus paragigantocellularis

PrH

:   nucleus prepositus hypoglossi

PTSD

:   posttraumatic stress disorder

PVN

:   paraventricular nucleus

sec

:   second

SEM

:   standard error of the mean

TH

:   tyrosine hydroxylase

THC

:   Δ-9 tetrahydrocannabinol

TRPV1

:   transient receptor potential vanilloid receptor type 1

WT

:   wild type

1. Introduction {#sec1}
===============

Chronic stress exposure is associated with the onset and severity of numerous psychiatric diseases including substance abuse, mood and anxiety disorders ([@bib78]; [@bib22]). However, not all individuals exposed to the same stress will develop these impairments and a challenge of modern medicine is to distinguish the neurobiological substrates underlying differences between vulnerable and resilient individuals. Thus, identifying cellular mechanisms that confer stress resilience and vulnerability is critically important to develop modalities to increase resistance and prevent stress-induced psychiatric disease. Sex, childhood trauma and genetics are also important factors that influence vulnerability. While most studies have used exclusively male subjects, females are more susceptible to many stress initiated neuropsychiatric disorders ([@bib62]; [@bib71]). Women are about twice as likely as men to suffer from anxiety disorders, such as panic disorder or from posttraumatic stress disorder (PTSD) and have higher rates of depression ([@bib71]). Delineating sex-dependent interactions between neurochemical mediators of stress resilience and components of the locus coeruleus (LC)-norepinephrine (NE) system is critical to our continued understanding of cellular mechanisms underlying effective coping to stress. An approach towards elucidating the link between stress and psychiatric disease is to investigate mechanisms by which neurobiological substrates of the stress response interface with neurotransmitter systems that have been implicated in these disorders.

Modulation of noradrenergic neurotransmission is an important mechanism for adapting to stress. While moderate levels of NE release may enhance working memory and prefrontal cortex function via high affinity α2 adrenoceptors, high levels of NE impair prefrontal cortical function via low affinity α1 and perhaps β1 adrenoceptors ([@bib116]). The locus coeruleus (LC) provides the sole source of NE in the mammalian forebrain thus mediating a variety of brain functions and behaviors such as arousal, memory acquisition, attention, vigilance, and responses to stress ([@bib5]; [@bib137]; [@bib116]). It is well recognized that the central noradrenergic system, and the LC in particular, plays a key role in the pathophysiology of stress-related disorders.

The LC-NE system is a major stress response system that is regulated by the pro-stress neuropeptide, corticotropin-releasing factor (CRF) as well as the endocannabinoid (eCB) system, an anti-stress modulator. The eCB system has profound effects on mood and behavior, in part through their modulation of the stress-integrative LC-NE system. Cannabinoid type 1 receptor (CB1r) agonists are capable of increasing noradrenergic activity and anxiety-like behaviors; however, they can also decrease stress-induced anxiety ([@bib147]). This review will summarize our current understanding of how the eCB system modulates LC-NE activity and stress-related afferents to the LC. Specifically, we will review the neuroanatomical, biochemical and pharmacological effects of cannabinoid receptor modulation on brain noradrenergic circuitry as well as newer neuroanatomical findings demonstrating the cellular localization of CB1r with respect to CRF afferents in the LC. We will also describe findings from recent electrophysiological studies examining eCB modulation of CRF afferents in the LC and finally, adaptations in eCB signaling in the LC in a resident-intruder model of social stress that reveals that chronic stress differentially alters eCB system protein expression levels in the LC across sexes. Taken together, the findings illustrate how targeting CB1r specifically in the LC-NE circuit, a pathway dysregulated following chronic stress, could restore homeostasis in noradrenergic activity that could contribute therapeutic relief for stress-induced anxiety disorders, notably post-traumatic stress disorder. We begin with a brief overview of the eCB system and stress signaling processes in the mammalian central nervous system, then explore how the eCB system interfaces specifically with the LC-NE system in modulating the stress response.

2. The eCB system: an "anti-stress" neuromediator {#sec2}
=================================================

*Cannabis sativa*, or marijuana, has been used throughout human history as a stress-reducing agent, as well as a drug to reduce anxiety, pain, muscle spasms, and seizures ([@bib152]). Modern research has confirmed that several compounds found in *cannabis*, namely Δ^9^-tetrahydrocannabinol (THC) and cannabidiol, are successful at reducing stress and providing anxiolytic behavioral effects ([@bib40]; [@bib11]). Though there are many endogenous cannabinoids, the two most prevalent are *N*-arachidonoylethanolamine (anandamide; AEA) and 2-arachidonoylglycerol (2-AG) ([@bib35]). Traditionally, the eCB system is thought to signal in a retrograde fashion ([@bib24]). Postsynaptic depolarization-induced increases in intracellular calcium (Ca^2+^) and activation of phospholipase C cause diacylglycerol lipase (DGL) and N-acyl-phosphatidyl-ethanolamine-hydrolyzing phospholipase-D (NAPE-PLD) to synthesize 2-AG and AEA, respectively ([@bib24]). 2-AG and AEA then cross the synapse, where they bind to presynaptic G~i~-coupled CB1r, thereby inhibiting subsequent neurotransmitter release. 2-AG and AEA are then degraded by presynaptic monoacylglycerol lipase (MGL) and postsynaptic fatty acid amide hydrolase (FAAH), respectively ([Fig. 1](#fig1){ref-type="fig"}; [@bib92]; [@bib34]; [@bib24]). Postsynaptic cyclo-oxygenase 2 (COX-2) can terminate eCB signaling by turning 2-AG and AEA into prostaglandins ([@bib47]). Within the LC, neuroanatomical evidence supports differential localization of eCB metabolizing enzymes both pre- and post-synaptically. MGL has been shown to be localized in presynaptic axon terminals synapsing with LC-NE neurons and FAAH has been localized in postsynaptic LC-NE somatodendritic processes ([@bib139]). Evidence also suggests that eCB signaling can occur in autocrine and non-retrograde fashions, via binding to postsynaptic CB1r and transient receptor potential vanilloid receptor type 1 (TRPV1) receptors ([@bib113]; [@bib6]).Fig. 1**The endocannabinoid system.**This schematic illustrates the basic components of the endocannbinoid (eCB) system. Postsynaptic depolarization and influx of calcium (Ca^2+^) stimulates eCB synthesis. N-acyl-phosphatidylethanolamine-hydrolyzing phospholipase-D (NAPE-PLD) is the main enzyme responsible for synthesizing anandamide (AEA), while diacylglycerol lipase (DGL) synthesizes 2-arachidonylglycerol (2-AG). These eCBs can then cross through the membrane, either via passive diffusion or with the help of endocannabinoid membrane transporters (EMTs), and travel across the synapse, where they retrogradely activate presynaptic cannabinoid type 1 receptors (CB1r). Presynaptic monoacylglycerol (MGL) then metabolizes 2-AG, and fatty acid amide hydrolase (FAAH) breaks down AEA into arachidonic acid (AA).Fig. 1

During development, the eCB system plays a critical role in neural growth and connectivity. CB1r and eCBs are found abundantly in the white matter of perinatal rodent and human brains, but not in adult brains ([@bib142]). Additionally, maximal levels of CB1r and eCBs have been observed in adolescent rats, decreasing during adulthood ([@bib111]; [@bib10]; [@bib43]). In adults, CB1r is highly expressed in brain regions associated with cognitive functioning, motor control, and emotional processing ([@bib38]). It is well established that the eCB system plays a role in the regulation of mood and the stress response, and its dysregulation results in the development of stress-induced psychiatric disorders ([@bib95]; [@bib147]). AEA levels decrease to initiate an acute stress response, while 2-AG levels are subsequently increased to help terminate the stress response and enable adaptation to chronic stress ([@bib84]). Additionally, CB1r levels are decreased in most brain regions following chronic stress ([@bib84]). CB1r-knock out (KO) mice have hyperactivity of the hypothalamic-pituitary-adrenal (HPA) axis, and show an increase in passive behaviors in the forced swim test and an increase in immobility time in the tail suspension test compared to wild type (WT) mice, suggesting heightened depressive-like phenotype ([@bib132]; [@bib4]; [@bib28]; [@bib124]). Conversely, administration of CB1r agonists and FAAH inhibitors produce antidepressant-like effects in the forced swim and tail suspension tests ([@bib39]; [@bib7]). In the clinic, a CB1r antagonist, rimonabant, originally intended as a weight-loss drug, was withdrawn from the market due to significant psychological side effects, including depression and anxiety ([@bib90]). These studies suggest a protective role of eCB signaling against the development of psychiatric disorders, which may result from the interplay between the eCB system and stress circuitry.

3. The mammalian stress response {#sec3}
================================

The ability to recognize and deal with a threat ensures survival in dangerous situations or environments. When facing a physiological or psychological stressor, parallel engagement of the HPA axis and brainstem noradrenergic circuits underlying the cognitive limb of the stress response contributes to adaptive responses necessary to confront a perceived threat ([@bib137]). CRF, a neurohormone that is a critical orchestrator of the stress response, coordinates both limbs of the stress response, eliciting widespread autonomic and behavioral responses ([@bib133]; [@bib137]).

3.1. The HPA axis activation: endocrine limb of the stress response {#sec3.1}
-------------------------------------------------------------------

Any perceived threat to homeostasis causes activation of the HPA axis via excitatory and inhibitory inputs to the paraventricular nucleus of the hypothalamus (PVN) from the amygdala, prefrontal cortex (PFC), LC, dorsal raphe nucleus, and other limbic and brainstem regions ([@bib46]; [@bib131]). The PVN contains a large population of CRF-producing neurons, which release CRF upon activation ([@bib125]). CRF then travels to the anterior pituitary, causing adrenocorticotropic hormone (ACTH) to be released into the blood stream ([@bib46]). When ACTH reaches the adrenal cortex, it stimulates the production and release of adrenal steroids, such as glucocorticoids, which helps prepare the body to respond to the stressor by reallocating energy resources ([@bib45]; [@bib46]).

3.2. LC-NE system: cognitive limb of the stress response {#sec3.2}
--------------------------------------------------------

CRF released from the amygdala and PVN targets the LC ([@bib137]; [@bib135]). The LC, a dense region of noradrenergic neurons located off of the fourth ventricle in the brainstem, innervates many regions of the neuraxis and provides the sole source of NE to the medial prefrontal cortex (mPFC) ([@bib116]). CRF fibers have been shown to strongly innervate the peri-LC, a region where dendritic processes extend from the core of the LC ([@bib122]). Tract tracing and immuno-electron microscopy studies have revealed topographic CRF innervation of the LC, with limbic regions such as the amygdala and bed nucleus of the stria terminalis (BNST) targeting the peri-LC, and autonomic-related brain areas such as the PVN, Barrington\'s nucleus, nucleus paragigantocellularis (PGi), and nucleus prepositus hypoglossi (PrH) targeting the LC core ([@bib138]). LC-NE neurons express CRF receptor 1 (CRFr1), and the release of CRF leads to increases in the firing of these neurons ([@bib31]; [@bib106]). This shifts LC activity to a high tonic state, which is adaptive during acute stressor exposure as it promotes behavioral flexibility and environmental scanning ([@bib137]; [@bib32]). Chronic CRF release and stimulation of LC-NE neurons increases anxiety and depressive-like behaviors ([@bib137]). Indeed, studies have found that CRF released from amygdalar afferents in the LC increases the tonic firing of LC neurons and causes stress-induced anxiety and aversive behaviors ([@bib76]).

LC projections to both the mPFC and the amygdala play important and distinct roles in aversion; the LC-amygdala microcircuit is critical in promoting aversive learning, while the LC-mPFC microcircuit is critical for extinguishing aversive responses ([@bib130]). NE release in the amygdala modulates aversive memory formation in Pavlovian fear conditioning models ([@bib36]; [@bib118]). This effect of NE is mediated by β-AR activation in both the central nucleus of the amygdala (CeA) and the basolateral amygdala (BLA) ([@bib19]; [@bib77]). Similarly, overactivation of the LC-BLA pathway via β-AR activation plays a critical role in pain-induced anxiety and enhances aversive learning ([@bib69]). In addition to its role in extinguishing aversive memories, NE dysregulation in the mPFC can precipitate the development of psychiatric disorders ([@bib86]; [@bib85]).

3.3. Dysregulation following chronic stress {#sec3.3}
-------------------------------------------

While activation of the HPA axis and the cognitive limb of the stress response are beneficial during exposure to acute stress, continued exposure to chronic stress is maladaptive. Long-term exposure to stress is known to contribute to the pathophysiology of psychological disorders, including depression, anxiety, and drug abuse ([@bib62], [@bib61]; [@bib16]). Rats exposed to repeated social defeat develop long lasting hyper-activation of stress signaling and HPA axis activity ([@bib146]; [@bib145]). Chronic glucocorticoid release can lead to maladaptive metabolic, cardiovascular, and neurological states, and HPA hyperactivity is common in individuals suffering from PTSD and major depression ([@bib78]). Aberrant monoaminergic signaling also plays a significant role in the development of psychiatric disorders, and many traditional antidepressants target noradrenergic and serotonergic neurotransmission ([@bib21]; [@bib135]). Dysregulation of NE release in cortical and limbic brain regions contributes to the debilitating symptoms of depression and anxiety ([@bib58]; [@bib22]). In addition to NE, the LC also releases galanin in the ventral tegmental area following stress-induced hyperactivity, and antidepressants have been shown to reduce galanin mRNA in the LC ([@bib155]). Therefore, regulation of the stress response by the eCB system is of paramount importance, in order to protect against the development of these stress-induced psychiatric disorders.

4. eCB regulation of stress circuitry {#sec4}
=====================================

4.1. eCB regulation of the HPA axis {#sec4.1}
-----------------------------------

In order to help protect against the damage that excessive glucocorticoids can cause, negative feedback mechanisms exist to dampen HPA axis activity after an adequate stress response has occurred. A short feedback loop exists, where stress causes the release of glucocorticoids into circulation via stimulation of the HPA axis ([@bib50]). Increases in hypothalamic eCB levels caused by glucocorticoid circulation cause subsequent suppression of glutamatergic signaling onto the CRF-releasing neurons in the PVN ([@bib98]; [@bib50]; [@bib54]). Similar to their effect in the PVN, circulating glucocorticoids stimulate DGL in the mPFC to increase 2-AG synthesis. 2-AG then binds to presynaptic CB1r localized to GABAergic interneurons, causing disinhibition of excitatory projection neurons to GABAergic neurons within the BNST. This time-delayed feedback leads to an increase in inhibitory output from the BNST to the PVN, ultimately causing a dampening of PVN activity and decreased CRF efflux ([@bib52]). In contrast to the mPFC and PVN, where eCBs appear to be produced on demand, tonic AEA signaling in the basolateral amygdala (BLA) serves as a gatekeeper of limbic activity by causing basal inhibition of the HPA axis ([@bib50]). When an acute stressor occurs, increased FAAH activity degrades AEA, causing disinhibition of BLA neurons and a subsequent increase in HPA axis activity via increased amygdalar output to the PVN ([@bib50]; [@bib53]). While acute stressors alter AEA levels in the amygdala, 2-AG signaling is upregulated following chronic stress, suggesting another mechanism for the eCB system to dampen HPA axis hyperactivity via inhibition of amygdalar output ([@bib97]).

4.2. eCB regulation of LC-NE activity {#sec4.2}
-------------------------------------

CB1r mRNA and protein expression have been localized within the LC ([@bib44]; [@bib70]; [@bib75]; [@bib33]). Additionally, electron microscopy studies have shown that CB1r are found on both glutamatergic and GABAergic presynaptic axon terminals that synapse with NE-producing LC neurons as well as post-synaptically in somatodendritic processes of LC cells ([@bib117]). The presence of CB1r on LC-NE neurons is functional, as indicated by electrophysiological studies showing that CB1r agonists and FAAH inhibitors increase the basal firing rate of LC-NE cells, c-Fos expression of LC neurons, and NE efflux in the mPFC ([@bib39]; [@bib93]; [@bib80]; [@bib88]; [@bib94]). The eCB system also regulates NE microcircuits in LC target regions. Footshock is known to enhance hyperarousal and inhibitory avoidance in rodents due to the LC-BLA microcircuit, and FAAH inhibitors administered in the BLA decreases the startle response and other anxiety-like behaviors ([@bib1]; [@bib115]). Additionally, β1-AR have been found to play a role in the impaired memory consolidation that occurs following post-training injections of a CB1r agonist directly into the CeA ([@bib151]). Within the mPFC, CB1r activation has been shown to inhibit NE release, and it has inversely been suggested that increased NE levels might downregulate CB1r ([@bib109]).

Additionally, there is tonic eCB production in the LC, as sole application of a CB1r antagonist is capable of decreasing LC-NE activity ([@bib88]; [@bib22]). Interestingly, the LC appears to be under biphasic regulation of the eCB system, and both too much and too little CB1r activity can increase LC-NE firing. For example, other studies have found that systemic administration of rimonabant, a CB1r antagonist, increases NE levels in the mPFC and PVN ([@bib128], [@bib127]), and low levels of THC can cause a decrease in NE release from synaptosomes ([@bib102]). Additionally, various doses of CB1r agonists and antagonists can produce opposite effects, further highlighting the biphasic nature of the eCB system within the LC ([@bib21]).

Studies have found that CB1r in the PFC and hippocampus have differential sensitivity to CB1r agonists, depending on their neuronal subpopulations -- CB1r on glutamatergic terminals have a higher sensitivity to CB1r agonists compared to CB1r on GABAergic terminals ([@bib91]; [@bib2]). Tonic eCB activity has also been shown to differentially affect various populations of CB1r, with basal tonic CB1r activation having a stronger effect on GABAergic terminals while glutamatergic CB1r are activated during phasic eCB release ([@bib72]; [@bib123]; [@bib60]; [@bib110]; [@bib2]). It is possible that this might be the case within the LC, as CB1r have been localized to both glutamatergic and GABAergic terminals in the LC ([@bib117]). It could therefore be hypothesized that within the LC, tonic eCB release primarily regulates GABAergic synapses. Following postsynaptic depolarization, phasic release of eCBs help gate further glutamatergic excitation of LC neurons. However, when large levels of CB1r agonists are present, GABAergic CB1r also become activated. This hypothesis might account for the biphasic nature of CB1r activation within the LC. Taken together, it appears that the eCB system serves to modulate the LC-NE system to maintain an optimal level of activity.

In support of this, our laboratory has recently demonstrated a reduction in basal mPFC neuronal excitability in CB1r-KO mice, caused by desensitization of the normally excitatory mPFC α2-adrenoceptors (ARs) ([@bib108]). This indicates that without a functioning eCB system, aberrant LC-NE activity is observed, where CB1r-KO mice have increased LC-NE activity, resulting in mPFC α2-AR desensitization, and subsequent decreased mPFC output ([Fig. 2](#fig2){ref-type="fig"}). This finding also supports the hypothesis that tonic eCB signaling primarily affects GABAergic CB1r within the LC. Additionally, when LC-NE neurons are excited via potassium chloride (KCl) bath application, CB1r agonist pre-treatment is capable of attenuating the KCl-induced increases in LC-NE firing ([@bib81]). These data suggest that the eCB system might function to prevent over-activation of LC-NE neurons.Fig. 2**Schematic depicting alterations to LC-mPFC microcircuit in male CB1r-KO mice.A.** A depiction of the LC-medial prefrontal cortex (mPFC) microcircuit in male wild type (WT) mice. The nucleus paragigantocellularis (PGi) and paraventricular nucleus of the hypothalamus (PVN) provide excitatory/glutamatergic (green neurons) input and the nucleus prepositus hypoglossi (PrH) provides inhibitory/GABAergic (red neurons) to the locus coeruleus (LC) core, while the amygdala (CNA) provides excitatory/glutamatergic input to the peri-LC. These afferents can also release corticotropin-releasing factor (CRF), as indicated by the green arrows. Additionally, GABAergic interneurons are present in the LC. Cannabinoid type 1 receptors (CB1r) have been localized to excitatory and inhibitory synapses in the core and peri-LC, providing a mechanism for eCB modulation of limbic and autonomic projections. **B.** A depiction of the LC-mPFC microcircuit in male CB1r-knock out (KO) mice. CB1r localization in the LC suggests that CB1r deletion could result in dysregulation of neurotransmitter and CRF release in the LC. Indeed, male CB1r-KO mice have a significant increase in NE levels in the mPFC compared to WT, resulting in the desensitization and decreased expression of α2-adrenoceptors. **C.***In vitro* whole-cell patch clamp recordings reveal that male CB1r-KO mice have increased LC-NE excitability compared to WT, which corresponds with the increase in mPFC NE levels. Additionally, male CB1r-KO mice have a decrease in mPFC cortical neuron excitability, likely resulting from desensitization of excitatory mPFC α2-adrenoceptors. Traces are examples of neuronal excitability, as would be measured by counting the number of action potentials that occur during application of increasing current pulses. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)Fig. 2

Since CRF release in the LC increases LC-NE excitability and activity, it is tempting to speculate that the eCB system can serve to attenuate these CRF-induced increases as well ([@bib31]). Indeed, recent immunofluorescence studies from our laboratory have demonstrated that CB1r are co-localized with CRF in the rat LC ([Fig. 3](#fig3){ref-type="fig"}A) ([@bib148]). Additionally, using Phaseolus Vulgaris Leucoagglutinin (PHAL) as an anterograde tracer injected into the amygdala, CB1r are directly positioned to regulate CRF release from amygdalar limbic afferents ([Fig. 3](#fig3){ref-type="fig"}B) ([@bib148]). Immunoelectron quantification has confirmed that CB1r are localized both pre- and post-synaptically with respect to CRF in both the core and peri-LC and in both excitatory and inhibitory synapses ([@bib148]). Specific quantification values can be found in our previous manuscript ([@bib148]). These findings provide an anatomical substrate for direct eCB modulation of CRF. Because aberrant NE release in the mPFC and amygdala contribute to the development of stress-induced psychiatric disorders, eCB modulation of CRF release in LC microcircuits during stress could play a role in the anxiolytic effects of CB1r agonists (see functional implications).Fig. 3**Co-localization of CB1r and CRF-amygdalar afferents in the LC. A.**Confocal fluorescence micrographs showing that cannabinoid type 1 receptor (CB1r, red) and corticotropin-releasing factor (CRF, green) are co-localized in the locus coeruleus (LC). CB1r was detected using a rhodamine isothiocyanate-conjugated secondary antibody and CRF was detected using an Alexafluor 647-conjugated secondary antibody (pseudocolored in green). Co-localization of CB1r and CRF (yellow) is shown in a merged image. Arrows highlight points of CB1r and CRF co-localization, while arrowheads point to singly labeled points of CB1r and CRF. **B.** Confocal fluorescence micrographs showing that CB1r (red), CRF (green), and phaseolus vulgaris-leucoagglutinin (PHAL, blue) are co-localized in the LC. CB1r was detected using a rhodamine isothiocyanate-conjugated secondary antibody, CRF was detected using an Alexafluor 647-conjugated secondary antibody (pseudocolored in green), and PHAL was detected using fluorescein isothiocyanate-conjugated secondary antibody (pseudocolored in blue). Triple co-localization (white) can be observed, and is depicted by arrows. Arrowheads highlight singly labeled points of CB1r, CRF, and PHAL. This figure represents data previously published in ([@bib148]). Scale bars = 25  μm. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)Fig. 3

4.3. Dysregulation of eCB system in psychiatric disorders {#sec4.3}
---------------------------------------------------------

Chronic stress is known to precipitate psychiatric disorders, and CB1r-KO mice show increased susceptibility to stress-induced anxiety and depressive-like phenotypes ([@bib74]; [@bib147]). HPA axis hyperactivity, a common trait in depressed patients, is also observed in CB1r-KO mice ([@bib132]). Compared to WT mice, CB1r-KO mice spend significantly less time in the open arms of the elevated plus maze and more time around the border in the open field test, demonstrating an increase in anxiety behaviors ([@bib95]). When exposed to chronic stress, CB1r-KO mice develop anhedonia faster than WT mice, suggesting that lack of CB1r signaling leads to increased vulnerability to stress-induced psychiatric disorders ([@bib74]). In the foot-shock model of PTSD, impaired traumatic memory extinction is associated with increased hippocampal and PFC CB1r levels, and mice with increased CB1r expression in the mPFC and CB1r-KO mice both exhibit more persistent fear behaviors during the extinction sessions when compared to WT mice ([@bib73]; [@bib65]). These opposing findings suggest that CB1r dysregulation affects fear behaviors and memory extinction. Additionally, rodents exposed to chronic stress have increased 2-AG levels and decreased CB1r expression and function throughout the brain ([@bib99], [@bib97]; [@bib104]; [@bib48]; [@bib114]; [@bib143]; [@bib144]; [@bib56]; [@bib67]; [@bib84]). Importantly, this effect appears to be mediated by corticosterone, as the effect of stress on CB1r expression and function is blocked by glucocorticoid receptor antagonists ([@bib48]; [@bib143]; [@bib55]; [@bib15]; [@bib84]).

Dysregulation of the eCB system is also observed clinically ([@bib3]). Patients suffering from major depression have decreased serum AEA and 2-AG levels that corresponds with the length of the depressive episodes ([@bib39]; [@bib49]; [@bib83]; [@bib119]). Interestingly, depressed suicide victims have an increase in AEA and 2-AG levels specifically within the dorsal PFC ([@bib64]; [@bib129]). Furthermore, increased sensitization of CB1r in the PFC contributes to the pathophysiology of suicide in depressed individuals ([@bib129]). These preclinical and clinical studies show the importance of a functioning eCB system in protecting against the development of stress-induced psychiatric disorders.

5. Sex differences in stress-induced psychiatric disorders {#sec5}
==========================================================

There is a known bias in susceptibility to psychiatric disorders between the sexes. Males are more prone to drug abuse, while females are about twice as likely to develop stress-induced disorders such as depression and anxiety ([@bib62]; [@bib71], [@bib153]). As stress and eCB system dysregulation are known to play a role in the development of stress-induced psychiatric disorders, it is important to consider how both systems are affected across the sexes in order to fully understand what might be contributing to the differences in prevalence of depression and anxiety between males and females.

5.1. Sex differences in stress circuitry {#sec5.1}
----------------------------------------

Stress affects both sexes differently; females are more sensitive to low levels of CRF due to both augmented CRF receptor (CRFr) signaling and diminished CRFr internalization after exposure to stress when compared to males ([@bib8]). In males, CRF binding to its receptor shows biased signaling towards the recruitment of β-arrestin and receptor internalization, but in females, CRF binding causes a biased response for Gs signaling ([@bib134]). Additionally, following stressors, female rats have increased dendritic extension into the peri-LC, the region surrounding the LC nucleus where a majority of limbic CRF afferents terminate ([@bib8]; [@bib134]). Basal sex differences exist in noradrenergic neurons, with females having an increase in the expression of genes associated with the development of major depressive disorder compared to males ([@bib87]). Females have heightened HPA axis activity, coupled with slower negative feedback of the HPA axis ([@bib41]; [@bib42]). All of these discoveries lead to the generalized conclusion that females have heightened stress signaling compared to males ([@bib153]).

5.2. Sex differences in eCB signaling {#sec5.2}
-------------------------------------

Differences across sexes are also observed in the eCB system, both anatomically and behaviorally. Females have a greater sensitivity to cannabinoid abuse, dependence, withdrawal, and relapse ([@bib30]). Females also have decreased CB1r density in certain brain regions, including the amygdala and cingulate areas 1 and 3 ([@bib23]). Additionally, in human depressed patients, while both sexes show a rise in serum AEA, only females show a decrease in 2-AG ([@bib105]). Therefore, it is important to look at both males and females when designing experiments investigating psychiatric disorders, since sex differences exist in both the stress and eCB systems.

5.3. Sex differences in LC-NE neurons of CB1r-KO mice {#sec5.3}
-----------------------------------------------------

Our laboratory has recently found that CB1r deletion differentially affects male and female LC neurons ([@bib149]). Using *in vitro* slice electrophysiology, Western blotting, and ELISA analysis, we discovered that CB1r-KO caused a significant increase in noradrenergic indices in male mice compared to WT: male KO mice had an increase in LC-NE excitability, input resistance, tyrosine hydroxylase (TH) expression within the LC, and NE levels in the mPFC ([Fig. 3](#fig3){ref-type="fig"}). These noradrenergic indices were not altered following CB1r deletion in female mice. Western blot analyses of LC tissue from male and female CB1r/CB2r-KO mice also highlighted several sex differences. Male CB1r/CB2r-KO mice showed a significant increase in CRF expression and in NET expression compared to male WT mice, while female CB1r/CB2r-KO mice showed a significant increase in α2-AR expression compared to female WT mice, and these adaptations might play a role in the resulting dysregulation of LC-NE activity that occurs in male but not female CB1r-KO mice. Additionally, we tested LC-NE activity in response to CRF under conditions of CB1r deletion. While 300 nM CRF was capable of increasing LC-NE excitability in WT brain slices from both male and female mice, LC-NE neurons from CB1r-KO mice were not affected by 300 nM CRF bath application. This could be attributed to cellular adaptations observed in the CB1r-KO mice, such as increased α2-AR signaling in female KO mice, saturation of CRFr1 in male KO mice resulting from their increased endogenous CRF levels, or alterations to CRFr1 trafficking or synthesis. Chronic stress is known to alter CRFr1 trafficking in the LC. Therefore, it is possible that increased CRF levels in the LC could lead to CRFr1 desensitization, especially in males ([@bib8]; [@bib134]). This shows the importance of the eCB system in maintaining normal LC-NE excitability and responsiveness to stress signaling.

6. Social stress alters eCB system in the LC: novel data {#sec6}
========================================================

6.1. Social defeat stress as a model of chronic stress {#sec6.1}
------------------------------------------------------

One of the most well - established animal models for social stress is the resident-intruder paradigm, in which a smaller intruder rat is exposed to a more aggressive resident rat. Rats exposed to repeated social defeat by the larger resident rat develop increased depressive- and anxiety-like phenotypes, long-lasting hyperactivation of stress signaling and the HPA axis, and increased inflammatory processes in vulnerable subpopulations ([@bib146]; [@bib27]; [@bib145]; [@bib100]). Additionally, an individual\'s ability to cope with stressors bears importance on the development of psychiatric disorders. Active coping strategies center around behavioral responses in an attempt to minimize harm and reduce stress, and often lead to resilience from the anxiogenic effects of the social stressor ([@bib140]; [@bib145]). Passive coping strategies involve feelings of helplessness and immobility, which are associated with an increased susceptibility to depression and anxiety disorders ([@bib12]; [@bib145]). These two coping strategies can be observed in the resident-intruder model by separating rats based on their average latency to assume a defeated posture. Rats belonging to the short latency group exhibit HPA axis dysregulation and depressive-like behaviors, while those in the long latency group show decreased efficacy of CRF and appear to be more resilient to the development of depressive-like behaviors ([@bib146]; [@bib145]).

The LC is sensitive to social stressors ([@bib26]), and the resident-intruder paradigm robustly increases sympathetic activation acutely compared to non-social stress paradigms ([@bib120]). Previous studies investigating the effect of social stress on the LC in male rats have found a decrease in LC-NE activity following repeated stress, compared to an increase in activity after an acute stressor ([@bib26]). Additionally, differences in neurochemical adaptations in the LC occur across behavioral phenotypes, with an increase in opioid signaling in long latency rats compared to short latency and control groups, suggesting one mechanism for combating chronic stress in the LC ([@bib26]; [@bib107]). Recently, we have begun to investigate how social stress might affect eCB levels within the LC, and whether differences in long and short latency groups exist. We used the resident-intruder paradigm as a model for social stress ([@bib82]; [@bib146]), and performed Western blot analyses to examine the effects of social stress on the eCB levels within the LC ([Fig. 4](#fig4){ref-type="fig"}A--C). See the supplemental materials for a more detailed description of the methods performed.Fig. 4**LC Western blot analysis of rats exposed to social stress.**Unpublished data. **A.** The resident-intruder paradigm used as a model for social stress was based on the model established originally by Miczek ([@bib82]), and has been previously described ([@bib146]). **B.** Intruder rats were separated into short or long latency groups based on the average time it took for them to reach subordination: short latency \<300 s, long latency \>300 s, as described in previous publications ([@bib146]; [@bib145]). **C.** Western blot analysis was performed on LC micropunches from each group as previously described ([@bib149]). For Western blot analysis, data represents the following number of animals per group: N = 6 male control rats, N = 7 male long latency rats, N = 5 male short latency rats, N = 6 female control rats, N = 5 female long latency rats, N = 5 female short latency rats. Differences in protein expression levels were tested using two-way ANOVAs (sex vs. phenotype) followed by post-hoc Tukey\'s multiple comparison adjustments. Statistics were performed using GraphPad Prism 7.03 (GraphPad Software, San Diego, CA, USA). Results are presented as mean±standard error of the mean (SEM). Bands shown are representative of one sample obtained from one animal per group. Relative band density is determined by normalizing each sample to loading control glyceraldehyde 3-phosphate dehydrogenase (GAPDH). **D.** Western blot analysis for CRFr1 expression in protein extracts from the locus coeruleus (LC) revealed a significant decrease in levels in male and female long latency groups compared to control (p \< 0.05), and no change between short latency groups and control. Relative protein expression for CRFr1 across sex and phenotype was as follows: male controls -- 0.880 ± 0.047, male long latency -- 0.684 ± 0.042, male short latency -- 0.817 ± 0.052, female control -- 0.888 ± 0.036, female long latency -- 0.678 ± 0.018, female short latency 0.870 ± 0.042. **E.** Western blot analysis for DGL expression in protein extracts from the LC showed that DGL expression is decreased in male long latency rats compared to control (p \< 0.05), while DGL expression is increased in female short latency rats compared to control (p \< 0.05). Additionally, female control rats showed significantly less DGL expression compared to males (p \< 0.05). Relative protein expression for DGL across sex and phenotype was as follows: male controls -- 0.748 ± 0.094, male long latency -- 0.457 ± 0.046, male short latency -- 0.581 ± 0.033, female control -- 0.489 ± 0.092, female long latency -- 0.514 ± 0.063, female short latency 0.807 ± 0.082. Asterisks indicate a significant difference between groups as determined by two-way ANOVA/mixed-effects regression model (\*p \< 0.05).Fig. 4

6.2. Effect of social stress on CRFr1 expression in the LC {#sec6.2}
----------------------------------------------------------

CRF exerts its effects on LC-NE neurons via CRFr1, which are expressed throughout the LC and are very prominent in the peri-LC region ([@bib136]; [@bib106]). Western blot analysis revealed that, in addition to altering the eCB system, changes in CRFr1 receptor expression were identified across phenotypes ([Fig. 4](#fig4){ref-type="fig"}D). CRFr1 levels in LC tissue from both long latency males and females were significantly decreased compared to male and female controls, and no significant difference between short latency and control groups was detected. Decreased CRFr1 expression in the LC of long latency male rats was previously identified ([@bib26]). A similar trend was found in females, confirming that the resilient long latency rats have decreased responsiveness to CRF following chronic social stress across both sexes, suggesting one mechanism by which long latency rats are protecting themselves from social stress and a resulting increase in CRF levels.

6.3. Effect of social stress on eCB protein expression in the LC {#sec6.3}
----------------------------------------------------------------

Western blot analysis of LC tissue from various social defeat groups across sexes revealed differential expression of DGL levels ([Fig. 4](#fig4){ref-type="fig"}E). Analysis of control rats showed that under basal conditions, there is a sex difference in DGL levels in the LC: females had significantly lower expression compared to males. Regarding change in expression across phenotypes, males had a significant reduction in DGL expression in the long latency group compared to control, while no significant change between control and short latency groups was observed. In females, no change between control and long latency groups was found; however, there was a significant increase in short latency females compared to control. When examining FAAH (data not shown), no significant changes in expression levels were detected between sexes or phenotypes.

DGL is one of the main proteins responsible for the synthesis of eCB 2-AG ([@bib24]). A decrease in DGL expression would suggest a decrease in 2-AG synthesis while, conversely, an increase in DGL expression would suggest an increase in 2-AG levels. Based on the data above, short latency rats have more 2-AG in the LC compared to long latency, suggesting there is increased eCB signaling in the short latency groups. In regards to the basal sex difference observed in DGL levels in control rats, greater expression was observed in males compared to females. This might suggest that the eCB system is primed and ready to combat stress in males, and that females have less tonic 2-AG regulation of LC-NE excitability. Indeed, [@bib66] have discovered that males have higher levels of AEA and 2-AG in the amygdala compared to females ([@bib66]; [@bib30]), confirming region specific sex differences within the eCB system.

One hallmark characteristic of the short latency group is an inability to attenuate HPA axis hyperactivity, while the rats in the long latency group have both decreased HPA axis activity as well as a decreased efficacy of CRF in PVN ([@bib146]). Studies have found that elevated corticosterone levels are responsible for increasing 2-AG ([@bib84]), thus HPA axis hyperactivity in short latency rats could be responsible for the heightened DGL expression. Since short latency rats have heightened stress signaling, increased DGL and 2-AG levels could be an attempt to counteract increased CRF levels and aberrant LC-NE activity. Conversely, long latency rats have developed adaptations in brain regions such as the PVN to keep HPA axis and stress levels in balance ([@bib146]); therefore, an increase in eCB synthesis within the LC is not necessary to maintain normal LC-NE activity. Another potential explanation might be that the increase in DGL levels in short latency rats causes an increase in 2-AG levels large enough to activate the less-sensitive CB1r localized to GABAergic terminals, leading to decreased inhibition of LC-NE activity.

7. Functional implications {#sec7}
==========================

7.1. Working model of eCB regulation of LC-NE activity {#sec7.1}
------------------------------------------------------

Based on our collective data, we propose the following model for eCB regulation of LC-NE neuronal activity. Initially, acute stress exposure causes release of CRF into the LC, from a variety of brain regions, but predominantly from amygdalar afferents ([Fig. 5](#fig5){ref-type="fig"}A). CRF then binds to CRFr1 on LC-NE somatodendritic processes, causing postsynaptic depolarization and an increase in LC-NE activity and NE release in the mPFC. This depolarization and influx in intracellular calcium levels stimulates an increase in DGL activity, causing the synthesis and release of the eCB 2-AG ([Fig. 5](#fig5){ref-type="fig"}B). 2-AG retrogradely crosses the synaptic cleft to bind to presynaptic CB1r, which have been localized to amygdalar-CRF afferents, where its activation leads to a decrease in CRF release and subsequent attenuation of LC-NE activity. However, under conditions of chronic stress in vulnerable subpopulations, such as short latency females in our social stress model, we have found an increase in DGL expression. This could present a problem when stressors are no longer present, as the increased DGL levels could lead to an increase in 2-AG synthesis, even when a stressor is not present. While eCBs are capable of attenuating LC-NE excitability, overexpression of eCBs have been shown to also increase basal LC-NE activity. Therefore, hyperactivity of the eCB system following chronic stress might lead to activation of CB1r at other neighboring synapses in the LC, such as inhibitory interneurons, where CB1r have also been localized ([Fig. 5](#fig5){ref-type="fig"}C). Additionally, if GABAergic CB1r are indeed less sensitive to phasic CB1r agonism than glutamatergic CB1r within the LC, the large increase in eCB levels during chronic stress could be further inhibiting GABAergic neurotransmission within the LC. This disinhibition onto LC dendrites would cause an increase in LC-NE activity, and aberrant NE release in the mPFC could contribute to anxiety and depressive-like behaviors. As females are known to be more susceptible to stress-induced psychiatric disorders, it would be intriguing to hypothesize that a significant increase in LC DGL expression following chronic stress in vulnerable female populations might be contributing to the disparity in prevalence of PTSD and depression. It should be noted that this proposed model is based on current literature and our novel data presented above -- direct measurement of eCB levels or MGL were not directly measured in this study, and future projects should investigate this.Fig. 5**Working model for eCB modulation of LC following chronic stress.**Cannabinoid type 1 receptor (CB1r) has been localized to excitatory and inhibitory corticotropin-releasing factor (CRF) afferents in the locus coeruleus (LC), and anterograde tract tracing has found CB1r specifically on excitatory amygdalar-CRF afferents, the main source of CRF to the LC. **A.** Following a stressor, CRF is released in the LC, where it binds to corticotropin-releasing factor receptor type 1 (CRFr1). This causes postsynaptic depolarization of LC-norepinephrine (NE) neurons, leading to an increase in activity and NE efflux in the medial prefrontal cortex (mPFC). **B.** CRF-induced depolarization and influx in intracellular calcium (Ca^2+^) stimulates diacylglycerol lipase (DGL) to synthesize and release 2-arachidonlyglycerol (2-AG) into the synaptic cleft. 2-AG then crosses the synapse and binds to CB1r. This inhibits the continued release of CRF, attenuating the CRF-induced increases in LC-NE activity and NE efflux, and helping to diminish the stress response. **C.** Chronic stress, especially in vulnerable female subpopulations, results in high DGL expression. Increased DGL would suggest greater production of 2-AG, which could bind to CB1r on neighboring synapses, causing inhibition of GABAergic interneurons and non-CRF releasing afferents. This dysregulation synaptic activity and disinhibition could further excite LC-NE neurons can cause aberrant NE release in the mPFC, and could contribute to the increased propensity for females to develop stress-induced psychiatric disorders.Fig. 5

7.2. Implications for eCB-targeted therapies {#sec7.2}
--------------------------------------------

As the experiments and literature discussed in this review suggest, the eCB system represents an attractive target for the treatment of stress-induced psychiatric disorders. Selective serotonin reuptake inhibitors, serotonin norepinephrine reuptake inhibitors, and other current antidepressants target monoamines, which are dysregulated during depression and anxiety ([@bib135]; [@bib22]); however, the eCB system targets both monoamines and the HPA axis, which is also dysregulated during stress-induced psychiatric disorders, making it a more inclusive therapeutic ([@bib147]). Repeated re-consolidation of fear memories coupled with an inability to extinguish aversive memories due to hyperactivation of the limbic circuity and decreased cognitive flexibility contributes heavily to the pathophysiology of PTSD and other anxiety disorders ([@bib68]; [@bib59]). Both the amygdala and mPFC are targeted by LC-NE afferents, and pharmacological manipulation of noradrenergic neurotransmission has provided symptomatic relief for individuals suffering from PTSD ([@bib126]; [@bib17]). Recent evidence suggests that the eCB and noradrenergic systems play a role together in stress-related memory consolidation ([@bib20]; [@bib51]), and eCB signaling also modulates the noradrenergic-mPFC microcircuit where memory extinction occurs ([@bib25]; [@bib79]; [@bib9]; [@bib147]). CB1r activation-induced impairment of context-dependent fear memory acquisition is dependent on α2-AR activation in the BLA {[@bib89]. Therefore, targeting eCB-noradrenergic interactions could help improve PTSD and anxiety-like behaviors associated with chronic stress.

Indeed, several compounds targeting the eCB system are being investigated in clinical trials for the treatment of anxiety, depression, and PTSD ([@bib147]). Also, many individuals suffering from PTSD and other psychiatric disorders self-medicate with marijuana, with a strong correlation between use and the severity of PTSD symptoms ([@bib29]; [@bib103]; [@bib96]; [@bib14]; [@bib147]). One study has found that nabilone, a synthetic cannabinoid, results in improved sleep quality and diminished traumatic flashbacks in PTSD treatment-resistant patients, and can improve chronic pain, nightmares, and insomnia associated with PTSD ([@bib37]; [@bib18]). Additional studies discovered THC treatment to effectively reduce nightmares and increase sleep quality in PTSD patients ([@bib121]; [@bib150]). Specifically, THC causes a decrease in PTSD-associated behaviors and hyperarousal symptoms ([@bib112]), further implicating involvement and dysregulation of eCB signaling in the LC-NE system. Based on the preclinical and clinical data described in this review, other compounds that increase eCB signaling, such as FAAH inhibitors or allosteric CB1r modulators, should be investigated as novel therapeutics for PTSD and stress-induced psychiatric disorders.

Recent data have revealed important sex differences in the eCB system within the LC. Electrophysiology results suggest that CB1r deletion has less of an effect in female rodents compared to males, as male CB1r-KO mice showed a significant increase in LC-NE excitability compared to WT, but no change was observed in females ([@bib149]). Coupled with the new data presented here, showing a significant reduction in basal DGL levels in female rats compared to males, indeed it seems that females have less tonic eCB signaling than males. Therefore, removal of eCB signaling might have less profound of an effect on female LC-NE activity, and eCB-targeting therapeutics might affect males and females differently. This is in line with analyses performed on the adverse effects of CB1r antagonist rimonabant, which suggested that the odds ratio for developing anxiety and depression following treatment was the largest in males aged 35--38 ([@bib101]; [@bib90]).

The therapeutic benefits of cannabis have long been known ([@bib152]). In 1996, California became the first state in the United States to legalize medical marijuana ([@bib154]). As of now, 28 states and the District of Colombia have legalized medical cannabis use ([@bib156]); however, there are challenges to its therapeutic development. Marijuana is still classified as a Schedule I drug under the federal Controlled Substance Act (CSA) (Mead, 2017). In order to perform research on cannabinoids, investigators need to obtain a Schedule I research registration/license, which can be an arduous process (Mead, 2017). Additionally, as a Schedule I drug, the federal government currently does not accept medicinal use of marijuana (Mead, 2017).

Future studies should continue to discern the reciprocal interaction between NE and the eCB system during stress. Electron microscopy can be used to determine basal sex differences in CB1r expression and trafficking following exposure to chronic stress. Additionally, microdialysis should be used to observe actual changes in eCB levels within the LC, amygdala, and mPFC in different models of stress, as differences in FAAH and DGL expression only suggest changes to AEA and 2-AG. Using conditional knockout mice to delete CB1r selectively from NE-producing neurons and assessing them in models of PTSD and anxiety would help further elucidate the role of eCB-NE interactions in psychiatric disorders. Continuing to investigate the role of the eCB system in LC-mPFC and -amygdala microcircuit regulation is very important. The field should continue to research the effectiveness of eCB-targeting compounds at treating stress-induced psychiatric disorders across sexes, in hopes of finding better therapeutic interventions for those suffering from anxiety, depression, and PTSD.
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